ABSTRACT. In the present study, the effect of two types of allogeneic-derived feeder cells [porcine ear and tail skin fibroblasts (PESF, PTSF)] and three types of xenogeneic-derived feeder cells [human foreskin fibroblasts (HFK), mouse embryonic fibroblasts (MEF) and immortalized mouse embryonic fibroblasts (STO)] on the isolation and cultivation of putative porcine embryonic stem cells (pESCs) was evaluated. In vivo derived zona pellucida (ZP)-free blastocysts were cultured on different mitotically inactivated feeder layers. The rates of ICM outgrowth and primary colony formation were observed, and further passage onto new feeders was performed. The characteristics of pESCs, including alkaline phosphatase (AP) activity, and pluripotent-related markers (OCT3/4, NANOG, SSEA-4) and genes were examined. Attached blastocysts cultured on HFK and STO feeders showed a higher percentage of ICM outgrowths than those cultured on PESF (76.7, 72.9 and 38.9%, respectively; P<0.05). The rates of primary ES-like colony formation and the number of putative ESC lines were significantly decreased when ICM outgrowths were cultured on PESF, compared with those cultured on HFK (30.6 vs. 76.7%, respectively; P<0.05). Only ES-like colonies from one (25%) and three (50%) cell lines developed on PTSF and STO feeders, respectively, were further maintained in an undifferentiated morphology associated with the presence of all ES characteristics; however, these characteristics disappeared when colonies were continued to the 8th and 6th passages, respectively. The present study indicated that feeder cell types affect the success of pESC establishment and maintenance of their pluripotency. Embryonic stem cells (ESCs) are pluripotent cells having the capacity of indefinite self-renewal, while maintaining their ability to differentiate into most cell types. These ESCs are generated from the inner cell mass (ICM) or epiblast of blastocyst stage embryos. The first stable ESC line was established from a mouse in 1981 [5, 17] , and since then stable ESC lines have also been generated in other species including primate monkeys [32] and humans [33] . These cells provide an effective approach to studying cell biology during embryogenesis, cell reprogramming and therapeutic applications for regenerative medicine.
Embryonic stem cells (ESCs) are pluripotent cells having the capacity of indefinite self-renewal, while maintaining their ability to differentiate into most cell types. These ESCs are generated from the inner cell mass (ICM) or epiblast of blastocyst stage embryos. The first stable ESC line was established from a mouse in 1981 [5, 17] , and since then stable ESC lines have also been generated in other species including primate monkeys [32] and humans [33] . These cells provide an effective approach to studying cell biology during embryogenesis, cell reprogramming and therapeutic applications for regenerative medicine.
Porcine (p) ESCs have been demonstrated to have a remarkable potential for stem cell research from both the agricultural perspective and in biomedical fields principally due to the greater similarities in anatomy, physiology, immunology and lifespan with humans compared with mice and other species [11, 18] . Although generation of pESC lines has been reported since 1990, no conclusive results have been obtained from the isolation and propagation of putative pESC lines [6, 25, 30] .
Use of a feeder cell layer is strongly recommended as an important factor affecting the derivation of ESCs [13] . To date, there are several feeder cell types derived from either allogeneic or xenogeneic sources that have been investigated for pESC derivation; however, their capacities have been poor and inconsistent among laboratories [12, 14, 25, 28] . Furthermore, pESCs cultured under feeder-free conditions failed to continue replication and started senescence or differentiation [2, 10] , suggesting the important role of the feeder in the culture and propagation of pESCs. Mouse embryonic fibroblasts (MEFs) and SIM mouse embryoderived thiouanine-and ouabain-resistant (STO) cell lines, therefore, have commonly served as a main feeder cells for culture of ESCs in the pig as well as in others species [1, 12, 22, 31] .
Currently, undifferentiated human and primate ESC lines can be maintained on their allogeneic-derived feeders from various sources of skin fibroblasts, such as human foreskin fibroblasts (HFK), with characteristics similar to those ESCs cultured on MEF and STO feeders [15, 23, 27] . These feeder cells keep ES cells away from the "cross-species" pathogens and/or foreign proteins that may be contaminate them during ES cell culture. Additionally, the use of feeder cells derived from skin fibroblasts is more practical and less invasive, especially in the case of obtaining skin biopsies, than using feeders developed from fetuses or embryos.
Thus, the aim of the present study was to examine the efficiency of two porcine allogeneic-derived feeder cells, by comparing with HFK, MEF and STO feeders in terms of derivation of ICM outgrowths and porcine embryonic stemlike cells.
MATERIALS AND METHODS
All chemical reagents were purchased from SigmaAldrich (St. Louis, MO, U.S.A.) unless otherwise specified.
Embryo production: All procedures for collecting in vivo embryos were approved by the Animal Care and Use Committee of Chulalongkorn University (code no. 0931015). In vivo produced embryos were obtained from crossbred gilts (at least 100 kg in body weight). They were treated with a combination of 400 IU equine chorionic gonadotropin (eCG) and 200 IU human chorionic gonadotropin (hCG) (PG 600 ® , Intervet/Schering-Plough, Boxmeer, The Netherlands) and then artificially inseminated twice on the first day of estrus and 12 hr later with freshly diluted semen. Embryos were flushed between day 6.5 and 7.5 of pregnancy (day 0 = day of insemination) from each uterine horn of the slaughtered gilts with a phosphate buffered saline (PBS; Invitrogen, Carlsbad, CA, U.S.A.) containing 4% (v/v) heat-inactivated fetal bovine serum (FBS), 100 IU/ml penicillin and 100 µg/ ml streptomycin. The recovered embryos were washed three times in Hepes-buffered North Carolina State University-23 (NCSU-23) supplemented with 4 mg/ml of bovine serum albumin (BSA). Late morula embryos were further cultured in vitro in NCSU-23 medium supplemented with 1% (v/v) nonessential amino acids (NEAA) and 10% (v/v) heatinactivated FBS for 18-24 hr at 38.5°C in an atmosphere of 5% CO 2 in air. The NCSU-23 used was prepared essentially as described by Petters and Wells [24] .
Isolation and culture of feeder cells: Five types of fibroblast cells, including porcine ear skin fibroblasts (PESF), porcine tail skin fibroblasts (PTSF), a human foreskin fibroblast cell line (HFK; CRL-2429, ATCC), a continuous SIM mouse embryo-derived thioguanine-and ouabain-resistant cell line (STO; CRL-1503, ATCC) and a CF1 mouse embryonic fibroblast cell line (CF1-MEF; CRL-1040, ATCC), were used as feeder cells in order to compare their efficiency in terms of derivation of pES-like cells (Fig. 1 ). PESF and PTSF were aseptically established from the ear and tail skins of a 4-week-old piglet, respectively. Briefly, both ear and tail pieces were collected from a dead piglet, washed twice with disinfectant and then preserved in PBS supplemented with 100 IU/ml penicillin and 100 µg/ml streptomycin (washing solution). The tissue samples were transported at 4°C on ice to the laboratory. Upon arrival, the skin samples were washed three times in washing solution and individually dissected in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 1% (v/v) Antibiotic-Antimycotic® (Invitrogen). They were cut into small pieces and cultured separately on 60 mm culture dishes in a culture medium (FM) containing DMEM-high glucose supplemented with 10% (v/v) fetal bovine serum (Invitrogen), 1% (v/v) L-glutamine (GlutaMax® 100x, Invitrogen) and 1% (v/v) Antibiotic-Antimycotic®. The growth of primary cells was observed, and the medium was changed every other day. After 10-14 days, confluent primary monolayer cells were established. All primary cultures were serially passaged with 0.05% (w/v) trypsin-EDTA (Invitrogen) and then cryopreserved in a freezing medium containing 90% FM and 10% (v/v) dimethyl sulfoxide (DMSO) using a freezing container (Nalgene®, Rochester, NY, U.S.A.). The feeder cells were then stored in liquid nitrogen until further use. When required, porcine feeder cells were thawed and further expanded for at least 1 passage prior to use. The commercial cell lines of HFK, STO, and CF1-MEF were purchased from American Type Culture Collection Institute (ATCC, Manassas, VA, U.S.A.). They were thawed and expanded for up to 2 times in the same medium as used for porcine feeder cells in order to multiply their cell numbers.
Preparation of feeder layers: All frozen feeder cells were thawed and expanded in FM. They were subcultured and mitotically inactivated with 10 µg/ml mitomycin-C for 2.5 hr in FM. Cells were dissociated by trypsinization using 0.05% (w/v) trypsin-EDTA solution. After centrifugation at 1,000 rpm for 5 min, the pellet was then resuspended with FM and seeded onto a 1-well dish (BD Falcon TM , Franklin Lakes, NJ, U.S.A.) precoated with 0.1% (w/v) gelatin at a density of 3.5 × 10 4 cells/cm 2 for PESF, PTSF, HFK and CF1-MEF cells and 5.5 × 10 4 cells/cm 2 for STO cells. All feeder cell types used as feeder cells were between the 3rd and the 10th passage, except for CF1-MEF, which was used between the 2nd and 5th passages as previously described [35] .
Cultivation of ICM and establishment of porcine ES-like cells:
Intact hatched or intact zona pellucida (ZP)-free blastocysts were used to isolate the ICM. The ZP of expanded blastocysts was treated with 0.25% (w/v) pronase in Hepes buffered NCSU-23 until the ZP had completely disappeared. The ICM was isolated by culturing whole intact ZP-free blastocysts on a monolayer of feeder cells in ESC establishment medium at 37°C under a humidified atmosphere with 5% CO 2 in air. This medium was composed of KnockOut DMEM (Invitrogen) supplemented with a 1:1 mixture of 10% (v/v) fetal bovine serum (FBS; Hyclone, Logan, UT, U.S.A.) and 10% (v/v) knockout serum replacement (KSR; Invitrogen), 1 mM L-glutamine, 0.1 mM β-mercaptoethanol (β-ME; Invitrogen), 1% (v/v) nonessential amino acids, 1% (v/v) penicillin-streptomycin, 1000 IU/ml recombinant human leukemia inhibitory factor (rhLIF; Chemicon International, Temecula, CA, U.S.A.) and 20 ng/ml recombinant human basic fibroblast growth factor (rbFGF; Chemicon International). The medium was not changed for the first two days of embryo culture, but 0.5 ml of medium was thereafter added every day. Blastocyst attachment and ICM outgrowths were examined everyday. At approximately 4-6 days of culture, the ICM outgrowths were mechanically removed from the trophectoderm (TE) with a "handmade" capillary glass pipette and replated on a new feeder layer for further expansion. The primary ES-like colonies obtained were mechanically dissociated using the mechanical transfer method as described by Oh et al. [21] . The resulting colonies were continuously passaged until they were differentiated or no colony was obviously formed.
Alkaline phosphatase (ALP) staining: ALP activity was used as a generalized ESC marker. The putative ESCs were rinsed with PBS and fixed in 4% (w/v) paraformaldehyde (PFA) for 5 min at room temperature (RT). After washing three times in PBS, the ALP staining technique was performed using an ALP histochemistry kit (Sigma) according to the manufacturer's instructions. The ESCs were finally visualized using an inverted phase contrast microscope (Olympus CKX41, NY, U.S.A.). An ES-like colony demonstrating a bright pink-to-red color indicated ALP positive cells.
Immunostaining: The putative ESCs were immunocytochemically characterized using antibodies against markers for undifferentiated porcine/human ESCs. In brief, putative ESCs were fixed in 4% PFA for 15 min at RT and then washed three times with PBS. Cell permeabilization was performed for OCT3/4 and NANOG staining with 0.1% Triton X-100 in PBS for 1 hr at RT. Samples were then transferred to blocking solution containing PBS and 10% FBS for 1 hr at room temperature. 
RNA extraction and reverse transcriptase-polymerase chain reaction (RT-PCR):
ESC-like colonies were isolated from each passage and then submitted to RT-PCR for screening of the expression of pluripotent genes. Total RNA was extracted using an Absolutely RNA TM Nanoprep kit (Stratagene, La Jolla, CA, U.S.A.) according to the manufacturer's instructions. Briefly, colonies were lysed using a lysis buffer containing 0.7% (v/v) β-ME. Cell lysate was added with an equal volume of 80% sulfolane and then transferred to an RNA-binding nano-spin cup and centrifuged at ≥12,000 × g for 60 sec. Contaminated DNA was eliminated by adding DNase solution (mixture of RNase-free DNase I and DNase digestion buffer) onto the fiber matrix inside the spin cup and incubation at 37°C for 15 min. RNA was eluted with 15 µl RNase-free water at room temperature for 3 min and subsequently centrifuged at ≥12,000 × g for 5 min. The extracted RNA was assessed for quality and quantity using a spectrophotometer (NanoDrop ND-2000, Wilmington, DE, U.S.A.) and finally stored at −80°C.
RNA yields were typically 3-100 ng/µl, with a total elution volume of approximately 15 µl. Total RNA was synthesized into cDNA and amplified using a Sensiscript ® RT kit (Qiagen, Valencia, CA, U.S.A.) and GoTag ® Green Master Mix (Promega, WI, U.S.A.), respectively. Amplifications were carried out in an automated thermal cycler (Amplitronyx 6, Nyx Technik, Ramsey, MN, U.S.A.) using 35 amplification cycles of 95°C denaturation for 60 sec, annealing at 55°C for 60 sec and elongation at 70°C for 60 sec. For the final extension, one cycle of 15 min at 70°C was used. A negative control was run without reverse transcriptase to estimate the contamination by genomic DNA. The PCR products were run on a 1.5% (w/v) agarose gel (Bio-Rad, Hercules, CA, U.S.A.) in 1xTBE buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH 8) containing 0.4 mg/ml ethidium bromide (Promega, WI, U.S.A.). The separated products in agarose gel were visualized under UV light (Syngene, Cambridge, U.K.). The oligonucleotide primers used for RT-PCR reaction are listed in Table 1 . The housekeeping (glyceraldehyde-3-phosphate dehydrogenase, GAPDH) gene transcript was used as an internal control.
Experimental design: In order to evaluate the efficiency of feeder cells in terms of derivation of ICM outgrowth and pES-like cells, in vivo hatched and intact ZP-free blastocysts were cultured on five different feeder types. The rates of attached blastocysts and primary colonies of ES-like cells were recorded. The putative ESCs were characterized by morphological appearance, and the expression of pluripotent markers following cytohistochemistry such as AP, OCT3/4, NANOG, and SSEA-4 proteins. The mRNA expression of specific genes (OCT3/4, NANOG, SOX2) was also analyzed by RT-PCR.
Statistical analysis: Data are expressed as means ± standard error of the mean (SEM). The results were analyzed by one-way ANOVA and protected least significant different (LSD) statistical tests using the SPSS software (version13.0, SPSS Inc., Chicago, IL, U.S.A.). A value of P<0.05 was considered to be statistically significant.
RESULTS
The derivation of pES-like colonies was affected by the types of feeder layer. As shown in Table 2 , all intact whole ZP-free blastocysts adhered to the feeder layers within 24-48 hr of plating. Attached blastocysts cultured on HFK and STO feeder layers had a significantly higher percentage of ICM outgrowths than those cultured on PESF (76.7, 72.9 and 38.9%, respectively; P<0.05). These rates, however, did not differ when compared with PTSF and MEF feeder layers (63.3 and 55.6%, respectively; P>0.05). After the removal of ICM outgrowths to new feeder layers, the rates of primary ES-like colony formation and the number of putative ESC lines were significantly decreased when the outgrowths were continuously cultured on PESF compared with those cultured on HFK (30.6 vs 76.7%, respectively; P<0.05).
Under our culture conditions, the outgrowths of ICM appeared within 3 to 5 days after plating ( Fig. 2A, 2D , 2G, 2J and 2M), and pES-like colonies were initially formed between 6 and 8 days of culture (Fig. 2B, 2E, 2H, 2K and  2N ). The onset of ICM outgrowths and formation of ES-like colonies was not influenced by the type of feeder layers, but the potential for pESC maintenance in an undifferentiated state could be found when the colonies were consecutively propagated on PTSF and STO feeder cells for more than 5 passages (Table 3 ). The cell lines grown on PTSF (25%) and STO (50%) remained undifferentiated in culture for more than 5 passages, whereas all colonies cultured on PESF, HFK and MEF spontaneously differentiated or stopped cell replication after a few passages. Putative ESCs growing on various feeder layers developed into colonies with an obvious morphological heterogeneity. Porcine ES-like colonies cultured on STO maintained a tightly packed dome shape and had distinct margins (Fig. 2N) , while the colonies cultured on PESF, PTSF, HFK and MEF exhibited the same pat- Reverse: CCTGGAAGATGGTGATGG * Primers were specifically designed from sequences available from GenBank, NCBI, or the DFCI Pig Gene Index. tern, a flattened shape with obvious borders (Fig. 2B, 2E , 2H and 2K). These colonies, however, showed morphological resemblance to human ES or primate ES cells. Although the growth characteristics of pES-like colonies were different among feeder layer types, all colonies were contained with small and round cells, and had a high nucleus to cytoplasm ratio with one or two prominent nucleoli under high magnification (200×; Fig. 2C , 2F, 2I, 2L and 2O). Colonies from one putative ESC line that originated from PTSF maintained an undifferentiated form until 8 passages, and colonies from the three other cell lines developed on STO remained in culture for 5 to 6 passages, before cell differentiation was observed. These colonies spontaneously differentiated into multiple cell types such as neural-like cells or neural-rosette formations (Fig. 3A) , fibroblast-like cells (Fig. 3B) , endoderm-like cells (Fig. 3D) , trophoblastic-like cells (Fig. 3E ) and large flattened-differentiated cells (Fig. 3F) . They started differentiation from the center rather than the periphery of the colonies (Fig. 3C) . Porcine ES-like colonies were characterized by the expression of AP activity and pluripotent-specific markers. After the first few passages, derived colonies from most putative pESC lines cultured on various feeder layers displayed low or undetectable AP activity as well as expression of OCT3/4, NANOG and SSEA-4 markers associated with the appearance of spontaneous differentiation. However, undifferentiated colonies from one and three cell lines derived on PTSF and STO feeder layers, respectively, showed a strong AP activity (Fig. 4A and 4B ) with high expression of OCT3/4 ( Fig. 4C and 4D) , NANOG ( Fig. 4E and 4F) , and SSEA-4 ( Fig. 4G and 4H) proteins. Furthermore, the expression of specific genes was assessed in these cell lines using RT-PCR. All colonies derived from these cell lines expressed OCT3/4, NANOG and SOX2, while the expression of these genes was absent in both PTSF and STO feeder cells (Fig.  5) . Regrettably, all characteristics of ESCs disappeared from colonies cultured on PTSF and STO after the 8th and 6th passages, respectively.
DISCUSSION
Maintenance in an undifferentiated state of porcine ESlike cells remains a major obstacle, although several attempts have been made to search for an optimal condition for suppressing differentiation and proliferating pESCs during long-term culture. In our study, five different feeder cells derived from both allogeneic (PESF and PTSF) and xenogeneic (HFK, MEF and STO) origins were used to evaluate their efficiency on promoting ICM outgrowths and maintaining pluripotency in undifferentiated pESCs. The results demonstrated that, under our culture conditions, undifferentiated porcine ES-like cells were generated on these feeder layers but that they had varying capabilities in promoting the porcine embryonic development in vitro.
In this study, although overall attachment rates (P>0.05) were not different among feeder cell types, significantly higher rates of ICM outgrowths were found (P<0.05) in blastocysts adhering onto HFK and STO than those adhering onto PESF. This may be due to the effect of time for blastocyst attachment, as more than 36% (4/11) of blastocysts cultured on PESF required more than 48 hr for attachment when compared with the other groups (<15%; data not shown), leading to early death or differentiation of the ICM after plating [29] ,[thereby influencing the development of ICM outgrowth. Several porcine feeder cells prepared from allogeneic fibroblasts such as porcine uterine cells, porcine embryonic fibroblasts, and porcine granulosa cells have been used to isolate ICM cells and maintain their pluripotency [11, 25, 28, 30] . However, the efficiency of these feeder cells was rather low in supporting blastocyst attachment, and only the first few passages could be maintained. This is contradictory to our result showing that allogeneic feeder cells derived particularly from porcine tail skin fibroblasts (PTSF) were able to sustain the derivation of primary colonies and putative pESC lines. On the other hand, PESF-derived feeder cells showed lower efficiency in promoting and maintaining growth and proliferation of pESCs during culture (Table 2) . It is likely that PTSF could sufficiently provide a proper microenvironment, including secretion of unique growth factors and cytokines, as well as extracellular matrix formation. These have been reported to affect the activation of signaling pathways of pluripotency and self-renewal in pESCs, resulting in the alteration of gene expression, and to induce pESC differentiation [16, 19] . Our finding suggests that the origin (i.e., different locations) of the feeder cells, specifically where they were obtained, could affect the feeder's ability for derivation of pESCs. Nevertheless, an optimal seeding density of feeder cells is another factor that should not be overlooked for pESC establishment [9] . Therefore, a further study of the interaction of cell density for each cell type is also required.
In the present study, we found that not only PTSF but also three xenogeneic feeders, HFK, MEF and STO, similarly encouraged the derivation of pES-like cells. However, continuous culture of pES-like cell lines developed on MEF and HFK feeders, represented a quick colony differentiation within a first few passages. In contrast, STO showed a better result for supporting undifferentiated growth of pES-like colonies, which was similar to previous reports [4, 18, 20] . Microenvironments produced from immortal STO cell lines may be more stable than those produced from mortal cell lines such as MEF and HFK. Furthermore, the variability between batches of MEF and HFK cell lines may also affect the propagation and maintenance of pES-like cell lines [23, 24] . Only ES-like colonies growing on STO and PTSF demonstrated self-renewal in an undifferentiated state after continuous subculture. They presented all the characteristics of typical ESCs such as morphology, alkaline phosphatase activity, and the expression of pluripotent-related markers and genes. We also detected the expression of surface antigen marker SSEA-4. The high expression of SSEA-4 in undifferentiated colonies is in agreement with a recent study of Brevini et al. [3] and also previous studies in primate and human ESCs [8, 15] . Although these putative ESC lines could be continuously passaged in an undifferentiated stage, a mixture of differentiated cells was initially found in these colonies after the sixth to eighth passages despite supplementation of the culture medium with LIF and bFGF.
A previous report demonstrated that LIF signaling may not be an essential pathway for the derivation of pESCs, because gp130 and LIF receptor transcripts, two specific subunits of LIF receptors, were absent in pES-like cells [34] . These findings have been further confirmed by previous studies of Blomberg et al. [1] and Hall et al. [7] indicating that LIFR was not expressed in the epiblast cells of early embryos. However, a recent study of Brevini et al. [3] suggested that supplementation of LIF may be involved in the maintenance of self-renewal in pESCs by activating the phosphatidylinositol 3-kinase (PI3K) signaling pathway through a protein kinase B (PKB; also known as Akt), a major effector of the PI3K pathway, instead of the JAK/STAT3 pathway. The expression of FGFR2 was also recently noted in pESCs [3] and was related to the presence of bFGF, FGFR1, and FGFR2 transcripts in porcine epiblasts [7] ; nevertheless, the function of bFGF in maintaining self-renewal and pluripotency in pESCs is unknown. In the present study, neither supplementation of LIF nor bFGF in culture medium was sufficient to inhibit spontaneous differentiation in putative porcine ESCs. It is possible that suboptimal culture conditions, including medium types, nutrient supplements and culture techniques, affected the maintenance of undifferentiated growth of pES-like cells. These findings suggest that differences in species-specific factors of culture conditions may play a direct role in promoting different mechanisms controlling signaling pathways affecting the maintenance of self-renewal and simultaneously the blockade of differentiation in pESCs as previously described in other mammalian species [26] . For example, mouse ESCs require BMP4, a member of the transforming growth factor-β (TGF-β) family, which is involved in controlling mESC differentiation. On the other hand, the presence of this factor in human ESCs is not only dispensable in maintaining hESC pluripotency, but is also detrimental, as it induces differentiation of hESCs into trophoblast cells [36] .
In conclusion, feeder cell types affect the establishment efficacy of pES-like cells. Our study also demonstrates that the efficiency of an allogeneic PTSF feeder is closely related to that of an STO-derived feeder in promoting undifferentiated growth of pES-like cell lines. The variation in the feeders' abilities and suitability of culture conditions have been concerned in species-specific difference, leading to the success of pESC establishment and maintenance of their pluripotency. Therefore, a comparative transcriptome analysis of ESCs across different species will hopefully identify more fundamental signal transduction pathways for ESC maintenance in pigs.
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